Abstract-Perchlorate, the oxidizer component in most solid rocket propellant formulations, is known to inhibit the uptake of iodide into the thyroid gland, thereby reducing production of the thyroid hormones, triiodothyronine and thyroxine (T 4 ). Thyroid hormones regulate metabolism in endothermic organisms and are responsible for maintenance of homeothermic body temperatures. Little is known about the effects of perchlorate on metabolic capacity. The objectives of the present study were to determine if subchronic (51 d; 0, 1, and 10 mg/kg/d) and chronic (180 d; 0.75 mg/kg/d) perchlorate exposure in adult male prairie voles (Microtus ochrogaster) would alter resting metabolic rates as a result of decreased circulating thyroid hormone concentrations and to determine if perchlorate exposure disrupts thermogenesis in mammals exposed to cold stress. Voles exposed to perchlorate for 51 or 180 d experienced no significant alterations in resting metabolic rates at any point during the exposure period. Additionally, the treatment had no effect on peak metabolic rates or plasma thyroid hormone concentrations. However, thyroid gland T 4 concentrations were significantly lower in perchlorate-exposed voles than in controls, indicating that thyroid gland T 4 content may be a more sensitive endpoint than other thyroid variables for assessing perchlorate exposure. Overall, the present study did not provide evidence for energetic alterations associated with perchlorate exposure at concentrations that are higher than those typically found in groundwater or surface water in the environment.
INTRODUCTION
Perchlorate has become a contaminant of concern for state and federal regulatory agencies since it was detected in drinking water sources in Utah, California, and Nevada (USA) in 1997 [1] . Much of the contamination occurs near military bases and ammunition manufacturing sites where perchlorate is handled [2] ; however, contamination has become more widespread because of its persistence and high mobility in aquatic systems [3] .
Ammonium perchlorate is a powerful oxidizer used in solid propellant formulations intended for fireworks and explosives. Perchlorate salts also are used in the manufacture of matches and road flares. In the past, potassium perchlorate was used as a therapeutic agent for the treatment of hyperthyroidism [4] .
Perchlorate is a competitive inhibitor of iodide transport across the basolateral membrane of the thyroid gland [5] . Because of their similarity in size and charge, perchlorate competes with iodide for uptake into the thyroid gland at the sodium iodide symporter. At therapeutic doses, the result is a reduced secretion of the thyroid hormones, thyroxine (T 4 ) and triiodothyronine (T 3 ), and a resulting increase in the secretion of thyrotropin-stimulating hormone from the pituitary gland. Prolonged exposure to increased thyrotropin resulting from sustained perchlorate exposure typically causes histopathological effects in the thyroid gland, including hyperplasia, hypertrophy, and colloid depletion [6, 7] . Additionally, in birds, high doses of perchlorate have been shown to cause a reduction in thyroid hormone content within the thyroid gland [8] .
Wildlife inhabiting perchlorate-contaminated sites may be exposed via drinking water or food items derived from contaminated matrices [9, 10] . Recent research has shown that in addition to aquatic organisms, terrestrial species also can be exposed to perchlorate in the environment [9] [10] [11] . Because perchlorate reduces thyroid hormone production, and because thyroid hormones not only are required for the regulation of metabolism in endothermic organisms but also play an important role in adaptive heat production [12] , exposed terrestrial endotherms may experience altered metabolic function and reduced capacity for thermoregulation. Many small mammals, such as the prairie vole, have limited ability to increase their insulation, so they cope with cold temperatures by behavioral avoidance and thermogenesis to maintain homeothermy within a narrow range of body temperatures [13] .
Perchlorate-induced alterations in thyroid function may be significant in organisms inhabiting regions with wide seasonal temperature ranges and/or daily temperature fluctuations. Individuals that are susceptible or responsive to decreased thyroid hormones may be placed at a disadvantage when faced with cold ambient temperatures. Disturbances in an animal's overall metabolic and thermogenic capacity may have the potential to influence whether the individual can survive, grow, and reproduce, as well as where it can colonize. Ultimately, these disturbances may set limitations on sensitive individuals and affect the abundance of a species.
To our knowledge, no studies have assessed the impact of perchlorate on metabolism in endothermic organisms. Perchlorate is excreted virtually unchanged in both the rat and human [4] , and no induction of detoxification enzymes following perchlorate exposure, which likely are energetically costly to produce, has been reported. Therefore, there may be very little-or even no-energetic costs associated with biotransformation of the toxicant, and any alterations in metabolic rate most likely would be attributed to perchlorate-induced reductions in thyroid hormones.
The purpose of the present study was to examine the effects of perchlorate on resting metabolic rate (RMR), facultative thermogenesis as measured by peak metabolic rate (PMR), and thyroid function in prairie voles. We hypothesized that perchlorate exposure would result in decreased thyroid gland hormone content as well as decreased circulating thyroid hormone concentrations, which ultimately would cause a reduction in vole RMR. We further hypothesized that perchlorate exposure would disrupt peak thermogenesis in voles and, thereby, decrease their ability to cope with cold stress. Another objective of the present study was to investigate the relative sensitivity of the different thyroid variables, plasma thyroid hormone and thyroid gland T 4 concentrations, for detecting an alteration in thyroid function.
MATERIALS AND METHODS

Drinking water solutions
Drinking water solutions containing ammonium perchlorate (NH 4 ClO 4 , CAS 7790-98-9) were prepared in Milli-Q water (Millipore, Bedford, MA, USA) on a weekly basis during the present study. The concentration of perchlorate in the drinking water was adjusted weekly for each treatment group, based on measured body weights and water consumption, to achieve the desired dosage levels. Dilutions (1:10) of the dosing solutions were prepared and passed through 0.45-m Acrodisc filters (Pall Gellman, Ann Arbor, MI, USA). Filtered samples were then analyzed for perchlorate by ion chromatography using a preconcentration/pre-elution method [14] . Mean perchlorate concentrations in water were 0, 2.16 Ϯ 0.04, 2.91 (ϮSE) Ϯ 0.07, and 19.79 Ϯ 0.99 mg/L for the 0, 0.75, 1, and 10 mg/ kg/d treatment groups, respectively.
Experimental groups
Twenty-six adult male prairie voles (Microtus ochrogaster) were acquired from a breeding colony located at Texas Tech University (Lubbock, TX, USA). All voles were individually housed in acrylic rodent cages (25 ϫ 15 ϫ 11 cm) partially filled with Aspen shavings. Prolab rabbit chow (5P26; Purina Mills, Richmond, IN, USA) and water were provided ad libitum. Voles were maintained in a temperature-controlled room at 25 to 26ЊC and 30 to 40% relative humidity on a 12: 12-h light:dark photoperiod. All animals were weighed daily between 1200 and 1500 h, and food and water consumption were monitored on a daily basis during pre-exposure (one week) and exposure periods. Body mass as well as food and water consumption data were collected to the nearest 0.01 g on an electronic balance. Seven voles received continuous exposure to ammonium perchlorate via the drinking water at target dosage levels of 0, 1, or 10 mg/kg/d for 51 d. 
Resting metabolism
All animals were allowed free access to food and water before being placed into metabolic chambers. For all RMR measurements, voles were weighed and then placed in gastight metabolic chambers (modified plastic rodent cages; volume, 2.1 L). Chambers were fitted for inlet and outlet tubes. Gas-cylinder air (dry grade; 20.95% oxygen) was pumped into an incubator, where it was then channeled through a massflow controller and a gas multiplexer (G245 and G244, respectively; Qubit Systems, Kingston, ON, Canada). Gas then flowed into the animal chambers, and excurrent air was rendered dry by passing it through a desiccant-filled column (magnesium perchlorate). A subsample of air (60 ml/min) from the excurrent air stream was rendered free of carbon dioxide by passing through a soda lime column and then routed into a differential oxygen analyzer (S104; Qubit). Before reaching the soda lime columns, half the subsample of air was pulled through a carbon dioxide analyzer (S154; Qubit) so that the sample reached the analyzers simultaneously. Metered air was directed to a single animal chamber for measurement while simultaneously flushing air through three other unmeasured chambers. Air-flow rates were adjusted to 850 ml/min (standard temperature and pressure conditions) for all vole chambers. During each trial, the automated respirometry system was programmed to measure oxygen consumption and carbon dioxide production for each vole at 1-s intervals for 15 min/ chamber and then switch to the next chamber in the series. All data were collected using Labview 6.0 software (National Instruments, Austin, TX, USA) and imported into separate Microsoft Excel (Redmond, WA, USA) files for each gas channel. Before beginning measurements on the next vole in the series, chambers were flushed with air for 15 min to ensure that residual gases had been removed from the system. Gas concentrations were measured in an empty chamber to obtain baseline levels passing through experimental chambers. Behavioral criteria and a video camera inside the temperature cabinet were used to ensure that animals were inactive during measurement of oxygen consumption. Testing of RMR continued for seven weeks for voles in the 0, 1, and 10 mg/kg/d treatment groups. Each animal was tested once per week. Voles in the 0.75 mg/kg/d treatment group were tested on exposure days 55, 90, 135, and 170. The RMR was designated as the metabolic rate of an inactive vole as measured during the rest phase of its daily cycle. The rest phase was determined via behavioral observations to occur during the light phase. The RMR was calculated as the lowest measured rate of oxygen consumption averaged over a continuous 5-min period at 28ЊC between 0730 and 1500 h.
Peak metabolic rate (cold stress)
Voles in the 0, 1, and 10 mg/kg/d treatment groups were tested following 51 d of perchlorate exposure, whereas voles in the 0.75 mg/kg/d group were tested for PMR on exposure day 180. Maximal oxygen consumption during cold stress was determined after exposing voles to a respiratory gas mixture of approximately 80% helium and 20% oxygen (helox) [15] . For sliding cold-exposure tests, individual animals were exposed to a series of declining temperatures in helox. Coldstress temperatures were held at 12ЊC for 20 min, followed by a continuous drop in temperature to 5ЊC at approximately 0.5ЊC/min. Helox tests were conducted for 1 h or until the vole became hypothermic. These tests were conducted between 1200 and 1600 h on voles that were allowed free access to food and water before metabolic tests. Flow rates were maintained at 1,000 to 1,050 ml/min for measurements of PMR. The mass-flow monitor was calibrated for helox gas with the use of a wet-cell calibrator (Gilian Gilibrator 2; Sensidyne; Clearwater, FL, USA). Voles were weighed to the nearest 0.01 g before and after testing. Metabolic chambers (volume, 850 ml) consisted of a borosilicate glass tube capped on both ends and fitted with an inlet and an outlet. One end of the tube contained an electrical fan (velocity, 6.3 ft 3 /min) that aided in circulating air inside the metabolic chamber. One animal from each group was tested at a time. Before animals were tested, all chambers (two blanks and one animal) were flushed with helox for at least 5 min at flow rates of 1,000 to 1,050 ml/ min. Colonic temperature was measured before cold exposure and within 60 s after being taken out of the chamber. Hypothermia was determined by a sharp decline in oxygen consumption and was verified by a decrease in colonic temperature. The PMR was calculated as the average of the highest rates of oxygen consumption over a 2-min period.
Animal euthanasia and sample collections
One day after peak metabolic rate experiments, animals were weighed and then anesthetized in a saturated carbon dioxide chamber. Blood samples were then collected with heparinized syringes via cardiac puncture from each vole, placed into heparinized microcentrifuge tubes, and centrifuged until plasma had been separated. Plasma was then transferred to labeled tubes and frozen at Ϫ80ЊC until analysis. Following blood sampling, all animals were euthanized via carbon dioxide asphyxiation and then necropsied. Livers, kidneys, and thyroid glands were collected, weighed to the nearest 0.01 g, and frozen at Ϫ80ЊC until analysis.
Plasma hormone analysis
Vole plasma total T 4 (TT 4 ) and total T 3 (TT 3 ) were measured using clinical radioimmunoassay (RIA) kits (TKT4X and TKT3X, respectively; Diagnostic Products Coat-A-Count, Los Angeles, CA, USA). The assay procedures for plasma that accompanied the kits were followed except for the inclusion of additional calibration points. Calibration points for the T 4 standard curve were 0, 0.2, 0.4, 0.6, 1, 4, 10, 16, and 24 g/ dl. Plasma samples (35 l) were analyzed in duplicate. Calibration points for the T 3 standard curve were 0, 5, 10, 15, 20, 50, 100, 200, and 600 ng/dl. Plasma samples (125 l) were analyzed in duplicate. Both TT 4 and TT 3 RIA kits were validated for prairie vole plasma by testing various volumes of plasma against the standard curve for parallelism and by spiking plasma samples of known T 4 or T 3 concentration with standards from the RIA kit.
Thyroid gland T 4 content
Total T 4 content in vole thyroid glands also was measured using the method described by McNabb et al. [8] and by McNabb and Cheng [16] . In brief, this involved RIA of ethanol extracts of thyroid gland homogenates that had been digested with Pronase solution. The digestion mixture consisted of Trisbase (1.21 g), glutathione (153 mg), propylthiouracil (42.55 mg), Triton-X (1 ml), and Milli-Q water (100 ml). All chemicals were obtained through Sigma Chemical (St. Louis, MO, USA). Protease (Streptomyces griseus; Sigma) was added to the digestion mixture in an amount that equaled fivefold the mass of all vole thyroid glands. From this Pronase solution, 350 l were pipetted into each 2.0-ml microcentrifuge tube containing gland tissue from one vole. Each sample was vortexed and then incubated in a 37ЊC water bath for 24 h. Following incubation, 1 ml of ice-cold, 100% ethanol was added to each tube, the samples vortexed, and the tubes stored at Ϫ20ЊC for 24 h. The following day, samples were centrifuged at 13,500 g for 5 min in a Beckman centrifuge (Allegra 21R; Beckman Coulter, Fullerton, CA, USA). The supernatant was decanted into 1.5-ml microcentrifuge tubes, and the pellet was discarded. Extracts were stored at Ϫ20ЊC until RIA analysis.
The same clinical RIA kit used for plasma thyroid hormone analysis was used to determine thyroid gland TT 4 . Calibration standards were made in 100% ethanol, and points for the standard curve were 0, 1.0, 5.0, 10.0, 15.0, and 25.0 g/dl. Samples from extracts (25 l) were analyzed in triplicate. The T 4 RIA kit was validated for gland extracts by testing various dilutions of extract samples against the standard curve for parallelism and by spiking sample extracts of known concentration with T 4 standards prepared in ethanol. Mean thyroxine spike recoveries from vole thyroid gland extracts were 97.38%.
Tissue perchlorate analysis
Ion chromatography was used to analyze vole liver and kidney tissues for perchlorate. Tissue samples were allowed to thaw, and a wet weight for each was recorded. Samples were allowed to air-dry for approximately 48 h and then reweighed. Perchlorate was extracted from the samples (entire tissue) using an accelerated solvent extractor (ASE 200; Dionex, Sunnyvale, CA, USA). The following operating conditions were used: Milli-Q water as extraction solvent, 1,500 psi, one cycle, 60% flush, 5-min preheat, 5-min static temperature, and 100ЊC oven. Total extraction time was 15 min/ sample. Total volume of extract collected (ϳ22 ml) was measured and recorded. A 1:10 dilution of each sample extract was prepared. Samples were then cleaned using silica and C 18 solid-phase extraction cartridges (Fisher Scientific, Fair Lawn, NJ, USA). Extracts were then filtered through 0.45-m Acrodisc filters (Pall Gellman) and analyzed via a preconcentration/pre-elution ion chromatography method [14] . Samples were concentrated on a Dionex TAC-LP1 with 10 mM sodium hydroxide eluent for 2.5 min and then injected into the separation system. Ion separation occurred on an analytical column (Dionex IonPac AS16) using 100 mM sodium hydroxide. Total run time was 12.5 min, with a flow rate of 0.92 ml/min and an injection volume of 1,00 l. Retention times were used to identify perchlorate, and the peak area was used for quantification. A standard curve was generated from calibration standards of 4, 50, 100, 150, and 300 ng/ml to determine sample concentrations. The detection limit was 133 ppb in liver tissue and 980 ppb in kidney tissue on a wet-weight basis.
Statistical methods
Measures of central tendency are expressed as the mean Ϯ standard error. All data were tested for normality and homogeneity of variances. Effects of exposure on thyroid hormone concentrations and thyroid gland T 4 content were tested using analysis of variance. The PMR was analyzed using analysis of variance after log transformation. Any differences between group means were further analyzed using Duncan's multiplerange test. The effect of dose on RMR over time was tested with repeated-measures analysis of variance using a general linear model procedure. Kidney mass (wet wt) was analyzed using analysis of covariance, with body mass at the time of euthanasia as the covariate. Body mass was not a significant covariate for kidney mass; thus, the effects of exposure on kidney mass were analyzed with analysis of variance. When nongaussian distribution or heterogeneity of variance was observed, nonparametric tests were chosen for subsequent analysis. Liver mass (wet wt), mean body mass per week, and 
RESULTS
Perchlorate intake
Following ion chromatographic analysis of dosing solutions, actual mean perchlorate dose rates were calculated on a mg/kg/d basis. Mean perchlorate intake rates were 0, 0.93 Ϯ 0.21, 1.33 Ϯ 0.10, and 11.68 Ϯ 1.28 mg/kg/d for the nominal 0, 0.75, 1, and 10 mg/kg/d groups, respectively.
Perchlorate effects on metabolism
No significant differences were observed in RMR among treatment groups during pre-exposure measurements (n ϭ 20, F ϭ 0.53, p ϭ 0.60). Neither was a treatment effect on RMR observed during any of the six weeks of exposure (Fig. 1) , nor a trend in RMR to decrease or increase for the long-term exposure group (0.75 mg/kg/d for 180 d). Mean RMR of voles in the 0.75 mg/kg/d group remained relatively constant throughout the 180-d exposure duration, with values ranging from 1.50 to 1.72 ml/g/h and an overall mean of 1.61 Ϯ 0.05 ml/g/h.
Additionally, no significant differences were observed in PMR among treatment groups on exposure day 51 (n ϭ 20, F ϭ 0.19, p ϭ 0.83) (Fig. 2) , and the mean PMR of the 0.75 mg/kg/d treatment group at 180 d was comparable to that of the 10 mg/kg/d group at 51 d.
Thyroid hormone concentrations
No significant differences were observed in mean plasma T 4 concentrations among the perchlorate treatment groups (n ϭ 20, F ϭ 2.83, p ϭ 0.09) (Fig. 3A) . A trend was observed, however, for perchlorate exposure to decrease plasma T 4 concentrations in an apparent dose-dependent manner. Thyroxine concentrations from the long-term exposure group were comparable to concentrations from the 1 mg/kg/d treatment group. (Fig. 3B) . Post-hoc analysis revealed that thyroid gland T 4 concentrations from the 10.0 mg/kg/d treatment group were significantly lower than concentrations in the control group. Thyroid gland T 4 concentration from the long-term exposure group were 464 Ϯ 182.05 ng/thyroid gland, which was comparable to the concentration from the 1. 
Other physiological indices
Mean body mass did not differ among treatment groups for any of the monitored weeks. Mean liver masses for the 0, 1, and 10 mg/kg/d treatment groups were 2.27 Ϯ 0.20, 2.01 Ϯ 0.27, and 1.84 Ϯ 0.16 g, respectively, whereas mean liver mass for the 0.75 mg/kg/d treatment group was 2.16 Ϯ 0.19 g. Mean kidney masses were 0.51 Ϯ 0.03, 0.50 Ϯ 0.03, and 0.41 Ϯ 0.03 g for the 0, 1, and 10 mg/kg/d treatment groups, respectively, whereas mean kidney mass for the 0.75 mg/kg/d treatment group was 0.52 Ϯ 0.08 g. Analysis of vole kidney and liver masses from the 51-d exposure study indicated significant differences in kidney mass among treatment groups (n ϭ 20, F ϭ 4.00, p ϭ 0.04) but no significant differences in liver mass among treatment groups (n ϭ 20; 2 ϭ 4.212, p ϭ 0.12). Both the control and 1 mg/kg/d treatment groups had significantly higher kidney wet weights than the 10 mg/kg/d group. Vole livers and kidneys contained no detectable perchlorate (i.e., concentrations Ͻ133 and Ͻ980 ng/g tissue, respectively). Both mean liver and kidney masses from the long-term exposure group (0.75 mg/kg/d, 180-d exposure) were similar to mean liver and kidney masses from the control and 1.0 mg/ kg/d treatment groups (51-d exposure) . No significant differences were observed in food or water consumption among groups for any of the monitored weeks.
DISCUSSION
Initially, we expected to see an increase in vole metabolic rate after the first exposure, followed by a gradual drop in metabolic rate during the last weeks of exposure. We hypothesized that the initial exposure would cause the hypothalamuspituitary-thyroid (HPT) axis to compensate for any reductions in thyroid hormone secretion from the thyroid gland. An increase in circulating thyroid hormones usually results in an increased metabolic rate, as numerous studies have documented among thyroid hormone-administered rodents and birds [17] [18] [19] . With severe and/or prolonged perchlorate exposure and/or iodide deficiency in the thyroid, HPT activation will be unable to maintain euthyroid status, causing decreased levels of circulating thyroid hormones and, eventually, reduced metabolic rate. However, despite the trend of reduced plasma thyroid hormone concentrations in exposed groups, the trend of decreased RMR was not evident in our data over a sixweek exposure period.
We also hypothesized that it might take longer than six or seven weeks to see perchlorate-induced changes in plasma or thyroid gland T 4 and/or T 3 concentrations. The mammalian thyroid gland has an ability to store large amounts of thyroid hormone [20] ; therefore, physiological effects of thyroid hormone deficiency may not be observed for weeks or months, depending on the organism's capacity to store hormone. Additionally, it may take a longer exposure to see any potential perchlorate-induced reductions in RMR. Although we did observe slight reductions of both plasma and thyroid gland T 4 concentrations in the long-term exposure group (0.75 mg/kg/ d for 180 d), no alterations in RMR were observed throughout the exposure period.
Perchlorate exposure had no effect on RMR in the present study. However, this does not necessarily imply no effect on the capability for thermogenesis under conditions of cold exposure. Peak aerobic performance under cold challenge was used as an indicator of thermogenic response in perchlorateexposed organisms. Because the literature, to our knowledge, contains no reports of any species of Microtus showing torpor, either on a seasonal basis or for a shorter term, these organisms must always expend energy for thermoregulation. Therefore, thermoregulation is a major maintenance cost for wild voles, as it is for other rodent species with similar behavior [21] . Our data did not demonstrate a marked reduction in the ability of perchlorate-exposed animals to deal with cold-stress tests. Again, it may require a longer duration of exposure or a higher dose to see such an effect on the metabolic response to cold. Some of the voles in the high-exposure group showed signs that they were able to deal with cold temperatures as well as control animals did. Three of the seven voles in the highexposure group were able to sustain PMR until completion of the 60-min cold exposure, and following removal from the chamber, their internal body temperature had decreased only by 2ЊC. These voles also had metabolic rates higher than those of the mean control vole metabolic rate; however, other voles in the high-dose group had substantially lower PMRs compared to those of control or low-dose voles. This most likely resulted from variability in individual response to perchlorate exposure as well as variability in fur thickness and subcutaneous fat reserves, which ultimately may influence thermal conductance and sensitivity to cold temperatures. It also appears that long-term perchlorate exposure may have little effect on a prairie vole's capacity for facultative thermogenesis.
Although the results were not statistically significant, we did observe a dose-response pattern in plasma T 4 levels (Fig.  3A) . We also found statistically significant reductions of thyroid gland T 4 content in high-dose treatment groups compared to controls (Fig. 3B) . Our data did not show a marked reduction in plasma T 3 concentrations. Small sample size (n ϭ 15) for T 3 analysis may explain why no statistically significant differences were found. Despite a reduction in T 4 , T 3 is the biologically active thyroid hormone and, thus, may be better regulated. Therefore, these metabolic results are consistent with the lack of effect on circulating T 3 concentrations.
Alterations in plasma thyroid hormone concentrations could have been ameliorated by the HPT axis, which tends to restore circulating thyroid hormones to euthyroid levels. To our knowledge, no other studies have investigated the effects of perchlorate on metabolic rate in endothermic organisms; however, another thyroid inhibitor acting on the thyroid gland, Tapazole, yielded decreases in serum T 4 concentrations but had no effect on resting metabolism [22] .
Reductions in circulating thyroid hormones often are related to perchlorate exposure, and thyroid hormones are key players in metabolic capacity. However, we found no relationship between PMR and plasma T 4 concentrations. Therefore, despite a trend toward reductions in thyroid hormone concentrations, these animals may have been able to overcome any potential effects of exposure.
Although statistical comparisons could not be made, a 180-d exposure to perchlorate at 0.93 mg/kg/d caused effects on thyroid function similar to those of a 51-d exposure at 1.33 mg/kg/d. It is noteworthy that such a strong relationship existed between plasma and thyroid gland T 4 concentrations. With sufficient competition from perchlorate at the sodium iodide symporter and consequent intrathyroidal iodide deficiency, there should be reduced T 4 production within the gland and, therefore, less T 4 secretion into the blood. It also is important to note that iodine was not limited in the rodent diet; the rodent chow contains an average value of 0.48 ppm of iodine (http://www.labdiet.com). With sufficient or high iodine or iodide in the diet, the HPT axis may be able to maintain euthyroid status. Interactions between iodine availability and perchlorate effects are known to occur in human clinical medicine [23] . In contrast, the literature is lacking with respect to characterization of iodine availability in rodent field diets. However, we can speculate that in regions of low iodine availability, a rodent would be more sensitive to perchlorate than the voles in the present study. It will be important in future studies to investigate various perchlorate and iodine dose and duration combinations to determine the length of time and the doses needed to cause a biologically meaningful decrease in thyroid function (i.e., one causing overt hypothyroidism). Such an effect may have severe implications for an animal's thermogenic capacity and response to cold temperatures.
One of the most-used indices of exposure has been plasma thyroid hormone level, which probably is the most variable measure of thyroid function. This variability most likely results from dynamic adjustments of the HPT axis [8, 24] . The present study showed that glandular T 4 content, compared to plasma hormone concentrations, may be a more sensitive indicator of perchlorate-induced alterations in thyroid function of prairie voles. To our knowledge, the present study is the first to document such a finding in mammals. Current research also is demonstrating that this technique may be a better indicator of perchlorate exposure than plasma thyroid hormone concentrations, at least in avian species [8] and, perhaps, in rodents as well, as suggested by the present study.
High variability of both RMR and PMR among animals of the same treatment and low sample sizes may have obscured differences. The configuration of the respirometry system and confounding factors such as long wash times (i.e., time taken for recirculation of gas in a chamber) made the process of collecting metabolic rates relatively difficult. The number of animals that could be run simultaneously (three per day) was low because of the arrhythmic activity of voles and, thus, limited the sample sizes at each metabolic rate sampling period. In some cases, test voles may have rested for a total of 30 min in the metabolic chamber per 7-to 8-h test period. Other species, such as Peromyscus sp., may be better models to use when investigating the effects of contaminants on metabolic function [25, 26] . Future studies of this nature must find a balance between designing experiments that incorporate larger sample sizes and making the procedures for measuring oxygen consumption a relatively time-and cost-efficient process.
Energy expenditure, as measured by oxygen consumption, has been a useful endpoint in linking environmental contaminant exposure to a measure of individual performance. For example, terrestrial organisms exposed to contaminants such as polychlorinated biphenyls incur greater maintenance costs and may be adversely affected by cold stress [26] [27] [28] . However, the present study did not provide evidence for energetic costs associated with perchlorate exposure at the individual level. It also did not provide evidence that adult rodents exposed to perchlorate at concentrations much higher than those typically found in surface water or groundwater are adversely affected by short-term cold exposure. The perchlorate concentrations used in the present study are similar to those of sites that are highly contaminated with perchlorate, such as the Longhorn Army Ammunition Plant in Texas (USA) and the Las Vegas Wash in Nevada (USA) [9, 10] .
The present study was directed at adult voles and did not attempt to investigate perchlorate-related reductions in thyroid hormone concentrations or alterations in metabolic rate in vole pups. Given the major role of the thyroid in metabolism, in addition to its role in the growth and development in young mammals, growing mammals may be just as-or even moresensitive to perchlorate exposure than adults. Body temperature set-points as well as metabolic capacity are likely to change with age in young homeotherms, which are key reasons to investigate perchlorate effects on metabolism and thyroid function at several different stages of developing mammals.
The present study also did not take into account how a short photoperiod (i.e., long scotophase; 8:16-h light:dark), which is characteristic of the winter season, might affect thermogenesis in the context of perchlorate exposure. It has been demonstrated that acclimation to a long scotophase improves resistance to cold on exposure to low ambient temperatures in several rodent species [29, 30] . Because of potential age-related differences in toxicity and the influence of photoperiod on resistance to cold, it may be worthwhile to incorporate these two conditions into future studies.
Other issues must be considered before drawing any conclusions about whether perchlorate exposure can induce alterations in metabolic rate and, more importantly, thermoregulatory capabilities. We must continue to investigate how thyroid function and its HPT-axis control respond to perchlorate exposure at varying levels. Another issue concerns the complex hormonal control of thermogenesis in endothermic organisms. Although thyroid hormones are key players in heat production, adaptive thermogenesis primarily is controlled by the sympathetic nervous system via norepinephrine [31] . Because animals have the ability to adapt behaviorally or physiologically under conditions of toxicant stress, there should be further evaluation of the interaction between perchlorate exposure and adaptive strategies. For example, small mammals in temperate climates often compensate for thermal stress in winter by increasing their RMR and the magnitude of their nonshivering thermogenesis [32] . Rodents can respond to seasonal cold exposures by inducing growth of brown adipose tissue, which is responsible for the generation of nonshivering thermogenesis, is under sympathetic nervous control, and is dependent on thyroid hormones [33] . Prairie voles also show a higher weight-specific rate of oxygen consumption in winter than in summer, which may allow tolerance to lower thermal exposures [34] . Given that rodents have these physiologically controlled adaptive responses to cold conditions, it is possible that low, environmentally relevant concentrations of perchlorate exposure will have little or no effect on an animal's ability to deal with cold stress or cause alterations in metabolic rate.
